Abstract. Adaptive hypermedia is a new direction of research within the area of adaptive and user model-based interfaces. Adaptive hypermedia (AH) systems build a model of the individual user and apply it for adaptation to that user, for example, to adapt the content of a hypermedia page to the user's knowledge and goals, or to suggest the most relevant links to follow. AH systems are used now in several application areas where the hyperspace is reasonably large and where a hypermedia application is expected to be used by individuals with different goals, knowledge and backgrounds. This paper is a review of existing work on adaptive hypermedia. The paper is centered around a set of identified methods and techniques of AH. It introduces several dimensions of classification of AH systems, methods and techniques and describes the most important of them.
Introduction
Hypermedia systems have become increasingly popular in the last five years as tools for user-driven access to information. Adaptive hypermedia is a new direction of research within the area of user-adaptive systems. The goal of this research is to increase the functionality of hypermedia by making it personalized. Adaptive hypermedia (AH) systems build a model of the goals, preferences and knowledge of the individual user and use this throughout the interaction for adaptation to the needs of that user.
AH systems can be useful in any application area where the system is expected to be used by people with different goals and knowledge and where the hyperspace is reasonably big. Users with different goals and knowledge may be interested in different pieces of information presented on a hypermedia page and may use different links for navigation. AH tries to overcome this problem by using knowledge represented in the user model to adapt the information and links being presented to the given user. Adaptation can also assist the user in a navigational sense, which is particularly relevant for a large hyperspace. Knowing user goals and knowledge, AH systems can support users in their navigation by limiting browsing space, suggesting most relevant links to follow, or providing adaptive comments to visible links. The goal of this paper is to provide an overview of recent work on the development of adaptive hypermedia systems. Since this area of research is very new, the concept of adaptive hypermedia systems has not been clearly defined yet. To make the scope of the review more clear we use in this paper the following working definition:
by adaptive hypermedia systems we mean all hypertext and hypermedia systems which reflect some features of the user in the user model and apply this model to adapt various visible aspects of the system to the user.
In other words, the system should satisfy three criteria: it should be a hypertext or hypermedia system, it should have a user model, and it should be able to adapt the hypermedia using this model (i.e. the same system can look different to the users with different models). We have identified more than 20 systems which can be named as adaptive hypermedia systems according to our criteria (Appendix 1). The analysis of these systems is the main content of our review. Note that not all known systems which are named or referred to as adaptive hypermedia satisfy our definition. Some of them are not full-fledged hypermedia systems (Brusilovsky, 1992b; Yetim, 1993; ; some of them are not really adaptive, but rather adaptable (Waterworth, 1996) (this distinction will be made clearer later). There are also some projects which suggest interesting relevant ideas but have not yet reached the implementation stage (Tomek, Maurer & Nassar, 1993; . All these works, however, contain interesting ideas and we refer to them when it is relevant to the main line of presentation.
In this paper, the critical feature of adaptive hypermedia systems is the possibility of providing hypermedia adaptation on the basis of the user model. Therefore, the paper is centered around the problems of adaptation, the second part of the overall adaptation process in adaptive computer systems (Figure 1 ). The main content of the paper (Sections 2-6) is a review of existing methods and techniques of adaptation in AH systems. The problems of user modeling, i.e. building and updating the user model in AH systems, are not a focus of the paper because they are not as critical for AH systems as a subclass of adaptive computer systems. Specific problems of user modeling in AH systems are discussed in Section 7 which provides a comparative review of several methods of user modeling in AH systems. Special attention is paid to collaborative user modeling which is especially important for AH systems. The conclusion summarizes the content of the paper and discusses the prospects for research in the area of adaptive hypermedia.
Methods and Techniques of Adaptive Hypermedia
Adaptation techniques refers to methods of providing adaptation in existing AH systems. These techniques are a part of the implementation level of an AH system. Each technique can be characterized by a specific kind of knowledge representation and by a specific adaptation algorithm. Adaptive hypermedia is a new area of research and most of the adaptation techniques are still unique in the sense that each of them was suggested in conjunction with the development of an AH system. However, some popular techniques were already implemented with minor variants in several earlier systems.
Adaptation methods are defined as generalizations of existing adaptation techniques. Each method is based on a clear adaptation idea which can be presented at the conceptual level. For example, " ... insert the comparison of the current concept with another concept if this other concept is already known to the user", or "... hide the links to the concepts which are not yet ready to be learned". The same conceptual method can be implemented by different techniques. At the same time, some techniques are used to implement several methods using the same knowledge representation.
The set of methods and techniques forms a tool kit or an "arsenal" of adaptive hypermedia and can be used as a source of ideas for the designers and developers of adaptive hypermedia systems.
To review AH systems it is first necessary to establish the basis for the classification of adaptive hypermedia methods and techniques ( Figure 2 ). The identified dimensions are quite typical for the analysis of adaptive systems in general (Dieterich et al., 1993) .
9 The first dimension considered is where adaptive hypermedia systems can be helpful. The review identifies several application areas for AH systems (see Table I ) and for each area points the problems which can be partly solved by applying adaptive hypermedia techniques (Section 3). 9 The second dimension is what features of the user are used as a source of the adaptation, i.e. to what features of the user the system can adapt its behavior. The review identifies several user features which are considered important by existing AH systems and discusses the common ways to represent them (Section 4). 9 The third dimension is what can be adapted by a particular technique. Which features of the system can be different for different users. Along this dimension the review identifies seven ways to adapt hypermedia (see Figure 4 ). What?.
Adaptation technologies
be divided into two essentially different groups -content adaptation and link adaptation (Section 5). I call different ways to adapt hypermedia technologies of adaptation.
9 The fourth dimension of classification is the adaptation goals achieved by different methods and techniques: why these methods and techniques are applied, and which problems of the users they can solve. The adaptation goals are dependent on application areas. Each application area has its own set of problems and each goal is important in some range of application areas (Section 3). The adaptation goals are considered in parallel with reviewing of relevant adaptation methods and techniques which implement these methods (Section 6).
The four identified dimensions are very suitable to classify various application methods. Usually, each method is an application of a particular adaptation technology (such as text adaptation or hiding of links) to achieve one of possible adaptation goals using one of the users features as a source for adaptation (as an exception, methods can achieve more than one goal or use more than one feature of the user). According to its goals and used features a particular method can be useful in a subset of application areas.
Where and Why Adaptive Hypermedia Can Be Helpful
Unlike other kinds of application systems, any hypermedia system is adaptive in some sense: using free browsing different users can adapt the system to their information needs. Many researchers hold that it is the user who should bring the adaptivity to the man-machine hypermedia system. Why do we need any other kind of adaptation? Why do we need that a hypermedia system adapts itself to the particular user? The answer depends on an application area perspective. Analysis of existing AH systems allow us to name six kinds of hypermedia systems which are used at present as application areas in most of research projects on adaptive hypermedia. These are: educational hypermedia, on-line information systems, on-line help systems, information retrieval hypermedia systems, institutional information systems, and systems for managing personalized views (Table I ). In each of these areas adaptive hypermedia techniques can be helpful because they help solve the identified problems. This section characterizes all these application areas, pointing out their specific features and identifying problems.
The most popular area for adaptive hypermedia research is educational hypermedia. Existing educational hypermedia systems have relatively small hyperspaces representing a particular course or section of learning material on a particular subject. The goal of the student is usually to learn all this material or a reasonable part of it. The hypermedia form supports student-driven acquisition of the learning material. The most important user feature in educational hypermedia is user knowledge of the subject being taught. Adaptive hypermedia techniques can be useful to solve a number of the problems associated with the use of educational hypermedia. Firstly, the knowledge of different users can vary greatly and the knowledge of a particular user can grow quite fast. The same page can be unclear for a novice and at the same time trivial and boring for an advanced learner. Second, novices enter the hyperspace of educational material knowing almost nothing about the subject. Most of the offered links from any node lead to the material which is completely new for them. They need navigational help to find their way through the hyperspace. Without such a help they can "get lost" even in reasonably small hyperspaces, or use very inefficient browsing strategies (Hammond, 1989) .
Another popular application for adaptive hypermedia is the area of various online information systems from on-line documentation to electronic encyclopedias. The goal of these systems is to provide reference access to information (rather then a systematic introduction as in educational hypermedia) for the users with different knowledge level of the subject. Each node of the hyperspace usually represents one concept of the subject and contains several pages of information. Depending on the subject, the size of the hyperspace can range from reasonably small to very large. Similar to educational hypermedia, on-line information systems have problems with satisfying the needs of very different users. Those with different knowledge and background need different information about a concept and at different levels of detail. They usually have no time to browse all the information about the concept to look for the required portion of information. Users also have different goals when accessing an information system. In some cases they know which concepts to access to achieve their goals and do not need any navigational support (Boyle & Encarnacion, 1994; Kobsa et al., 1994) . However, when the goal cannot be directly mapped to the structure of the hyperspace or when the hyperspace is large, users need help in navigation and in finding relevant pieces of information. To provide such help, the system has to know the user's goal (H66k et al., 1996; Micarelli & Sciarrone, 1996) . As we will see later (Section 7) inferring the user's goal is a difficult problem in on-line information systems unless the goal is provided directly by the user (H66k et al., 1996) .
Very close to on-line information systems are on-line help systems. These systems serve on-line information about computer applications (such as a spreadsheet, programming environment, or expert system) which is required to help the users of this system. The difference from the former category is that on-line help systems are not independent as on-line information systems but are attached to their application system. Another difference is that the hyperspace in existing on-line help systems is reasonably small. As we will see later, the distinction between small and large hyperspace is important from adaptation point of view, and that gives a reason to distinguish these application areas. On-line help systems and on-line information systems share the problem of serving different information to different users. At the same time, the problem of helping users to find relevant pieces of information is less important for on-line help systems because the hyperspace is not large and because the system knows the context from which the user called for on-line help (context-sensitive help). The context of work in an application system provides a reliable source of information for an adaptive on-line help system to determine the user's goal and to offer the most relevant help items (Encamag~o, 1995b; Grunst, 1993; Kim, 1995) .
The three application areas listed above belong to traditional application areas for hypermedia. The majority of existing hypermedia systems belong to one of these three areas. It is not surprising that most adaptive hypermedia systems also belong to these areas. The three areas listed below are more recent application areas for hypermedia.
Information retrieval (IR) hypermedia systems is a new class of IR systems which combine traditional information retrieval techniques with a hypertext-like access from the index terms to documents and provide the possibility of browsing the hyperspace of documents using similarity links between documents (Agosti et al., 1995; Helmes et al., 1995) . It is known that browsing can help users to find the required documents when they have problems with constructing a proper formal query. The size of hyperspace in regular IR hypermedia is usually very large and cannot be structured "by hand". It means that the links in this hyperspace are not provided by a designer as in on-line information systems, but are calculated by the system (for example, using similarity measurements). Another difference from on-line information systems is that users of IR hypermedia are more often professionals in different areas who use the system in their everyday work with different IR goals. A very new special kind of IR hypermedia is IR systems on Word Wide Web which have slightly different nature in their links and a potentially unlimited hyperspace. Existing adaptive IR systems (Kok, 1991) show some ways to help the user in pure IR settings. Adaptive IR hypermedia systems can offer some additional help by limiting the navigation choice (Boy, 1991; and by suggesting the most relevant links to follow Kaplan et al., 1993; Katsumoto et al., 1996; .
Another new area of application for adaptive hypermedia is institutional information systems which serves on-line all the information required to support the work of some institution, for example, a hospital (Vassileva, 1996) . Originally, these kinds of systems were developed as a set of loosely related databases, but in some recent systems such databases are joined into a single hyperspace which can be reasonably large. A specific feature of these systems is that they are a medium for everyday work of many institution employees. According to their profession they may always use only a specific area of hyperspace, and according to the current working goal they may need an access to a very small subset of it. Most of users never need to access the parts of the hyperspace outside their working area, moreover, too many navigation opportunities somewhat distract them from their primary work. In this respect work-oriented institutional information systems significantly differs from search-oriented IR hypermedia and on-line information systems where the "working area" of a user is the entire hyperspace. At the same time users of institutional information systems may need assistance in organizing a more convenient personalized access to their working areas (Vassileva, 1996) . Another problem of institutional information systems which is similar to one of the problems of educational hypermedia is related to new employees who are not familiar with the structure of the hyperspace (though they can be familiar with the application domain itself) and can get lost even in their small professional subarea.
The last of the new application areas is systems for managing personalized views in information spaces such as Information Islands (Waterworth, 1996) and Basar (Thomas, 1995) . Existing telecommunication systems such as World-Wide Web (WWW) offer huge amount of different information and on-line services which form a really unlimited hyperspace. Many users need to have an access too one or more subsets of all the hyperspace for their everyday work. To protect themselves from the complexity of the overall hyperspace, they maybe interested to define personalized views on the entire hyperspace. Each view can be devoted to one of the goals or interests related with the work of the user. Partly, this application area is similar to institutional hypermedia and other kinds of information systems where users need a convenient access to a subset of an information space for everyday work. A new factor which affects systems dealing with wide (and worldwide) information spaces is the dynamic character of hyperspace where items can appear, disappear, or evolve. Personalized views in world-wide information spaces require permanent management: searching for new and relevant items and identifying expired or changed items (in this sense, this application area is similar to IR hypermedia). Adaptation to the user goals, interests, and background can help to solve the identified problems (Thomas, 1995; .
It is worthwhile to stress again that all six listed application areas are not mutually exclusive. Some of them are pairwise similar and share the same problems. These pairs are: IR hypermedia and on-line information systems, on-line information/help systems and educational hypermedia, educational hypermedia and institutional hypermedia, institutional hypermedia and information space management systems. Also, the difference between neighboring areas is not always clear-cut and some systems belong to both areas, for example, Hypadapter and HYPERCASE (Micarelli & Sciarrone, 1996) share features of educational hypermedia and on-line information systems, and HYPERFLEX shares features of on-line information systems and IR hypermedia. In fact, all mentioned application areas can be ordered along a continuum (Figure 3 ) where similar areas are placed together. This diagram offers us some interesting insights to the order and structure of hypermedia.
More traditional educational hypermedia and on-line help are located in the center. These systems are "real hypermedia," and can demonstrate all classic hypermedia features: all kinds of links including contextual links, indexes, local and global maps, guided tours, etc. The systems located at the ends of the continuum use only some of the traditional hypermedia features. The size of the hyperspace grows from reasonably small in the center to huge on both ends. It is not surprising that the systems standing on both the ends of the continuum are also similar, because they share the problems related with large hyperspace. The systems above the center are more search-oriented while the systems below are more work-oriented. According to that, the relative size of working subset decreases gradually from top to bottom from the entire hyperspace in IR hypermedia to a very small personalized subset of it in Basar-like systems.
Adapting to What?
The second question to pose when speaking about a particular kind of adaptive system is: What aspects of the user working with the system can be taken into account when providing adaptation? To which features -that can be different for different users (and may be different for the same user at different time) -can the system adapt? Generally, there are many features related to the current context of the user work and to the user as an individual which can be taken into account by an adaptive system. So far, this paper identifies five features which are used by existing adaptive hypermedia systems: users' goals, knowledge, background, hyperspace experience, and preferences.
KNOWLEDGE
User's knowledge of the subject represented in the hyperspace appears to be the most important feature of the user for existing adaptive hypermedia systems. It is used by about one third of adaptation techniques. Almost all adaptive presentation techniques rely on user's knowledge as a source of adaptation. User's knowledge is a variable for a particular user. This means that an adaptive hypermedia system which relies on user's knowledge has to recognize the changes in the user's knowledge state and update the user model accordingly.
User's knowledge of the subject is most often represented by an overlay model (Hypadapter, EPIAIM, KN-AHS, ITEM/PG, ISIS-Tutor, ELM-ART, SHIVA, HyperTutor) which is based on the structural model of the subject domain. Generally, the structural domain model is represented as a network of domain concepts. The concepts are related with each other thus forming a kind of semantic network which represents the structure of the subject domain. These concepts can be named differently in different systems -topics, knowledge elements, objects, learning outcomes -but in all the cases they are just elementary pieces of knowledge for the given domain. Some systems use a simplified form of the domain model (Boyle & Encarnacion, 1994; Zeiliger, 1993) without any links between concepts, but the majority of AH systems use a rather advanced domain models with several types of concepts which represent different kinds of knowledge elements or objects and several kinds of links which represent different kinds of relationships between concepts (Hypadapter, EPIAIM, PUSH, Anatom-Tutor, KN-AHS, ITEM/PG, ELM-ART, ITEM/IP, SHIVA, HyperTutor).
The idea of the overlay model is to represent an individual user's knowledge of the subject as an "overlay" of the domain model. For each domain model concept, an individual overlay model stores some value which is an estimation of the user knowledge level of this concept. This can be just a binary value (known-not known), a qualitative measure (good-average-poor), or a quantitative measure, such as a probability that the user knows the concept. An overlay model of user knowledge can be represented as a set of pairs "concept-value", one pair for each domain concept. Overlay models are powerful and flexible, they can independently measure user knowledge of different topics. Overlay models were originally developed in the area of intelligent tutoring systems and student modeling (Greer & McCalla, 1993) . In many ITS the student model is just the overlay model of student knowledge. As a result, in the area of adaptive interfaces, an overlay model of user's knowledge (which is a part of the overall user model) is sometimes called the student model (Benyon & Murray, 1993) .
Sometimes a simpler stereotype user model is used to represent the user's knowledge (Beaumont, 1994; Boyle & Encamacion, 1994; Hohl et al., 1996) . A stereotype user model distinguishes several typical or "stereotype" users. For each dimension of user modeling the system can have a set of possible stereotypes. For example, MetaDoc uses two dimensions of classification and two sets of stereotypes (novice -beginner -intermediate -expert): one to represent user's knowledge of general computer concepts, another to represent user's knowledge of UNIX (which is the domain of the system). A particular user is usually modelled by assigning this user to one of stereotypes for each dimension of classification (for example, intermediate for general computer concepts, novice for UNIX).
A stereotype user model can also be represented as a set of pairs "stereotypevalue", where the value can be not only "true" or "false" (what means that the user belongs or does not belong to the stereotype) but also some probabilistic value (what represents the probability that the user belongs to the stereotype). Stereotype model is simpler and less powerful then overlay model but it is also more general and much easier to initialize and to maintain.
A problem with the stereotype model of knowledge is that many efficient adaptation techniques require a more fine-grained overlay model. One way to solve this problem is to provide a mapping from stereotype to overlay model. This can be done by associating a fixed set of pairs concept-value with each stereotype (Boyle & Encamacion, 1994; de Rosis et al., 1993) , or by a more flexible way which is based on the "difficulty" of concepts . In turn, an overlay user model has the problem of initialization -it is very hard to set all its values after a short interview with a new user. Good results can be achieved by combining stereotype and overlay modeling (Anatom-Tutor, EPIAIM, KN-AHS, Hypadapter). They can be combined in the following way Hohl et al., 1996) : stereotype modeling is used at the beginning of work to classify a new user and to set initial values for overlay model, then a regular overlay model is used.
GOALS
User's goal or user's task is a feature related with the context of a user's work in hypermedia rather than with the user as an individual. Depending on the kind of system, it can be the goal of the work (in application systems), a search goal (in information retrieval systems), and a problem-solving or learning goal (in educational systems). In all of these cases the goal is an answer to the question "Why is the user using the hypermedia system and what does the user actually want to achieve?" User's goal is the most changeable user feature: almost always it changes from session to session and often can change several times within one session of work. In some systems it is reasonable to distinguish local or low-level goals which can change quite often and general or high level goals and tasks which are more stable. For example, in educational systems the learning goal is a highlevel goal, while the problem-solving goal is a low-level goal which changes from one educational problem to another several times within a session. The user's goal can be considered as a very important feature of the user for adaptive hypermedia systems. Almost one third of existing adaptation techniques rely on it. Interestingly, nearly all of these techniques are adaptive navigation support techniques.
The user current goal is usually modeled by a way which is somewhat similar to overlay knowledge modeling. As a rule, each system supports a set of possible user goals or tasks which it can recognize (HyPLAN, ORIMUHS, PUSH, HYPER-CASE, Hynecosum, HYPERFLEX). In some cases, the set of goals is very small and the goals are not related to each other (H66k et al., 1996; Kaplan et al., 1993) . To model the current user goal, the system includes one of these goals into the user model. More advanced goal-based systems (Encamaq~o, 1995; Grunst, 1993; Vassileva, 1996) use a more advanced representation of possible goals and current user goals. The most advanced representation of possible user goals is a hierarchy (a tree) of tasks (Vassileva, 1996) . The most advanced representation of user current goals is a set of pairs "goal-value" where the value is usually the probability that the corresponding goal is the current goal of the user (Encama~o, 1995; Grunst, 1993; Micarelli & Sciarrone, 1996) .
BACKGROUND AND EXPERIENCE
Two features of the user which are similar to user's knowledge of the subject but functionally differ from it are user's background and user's experience in the given hyperspace. By user's background we mean all the information related to the user's previous experience outside the subject of the hypermedia system, which is relevant enough to be considered. This includes the user's profession, experience of work in related areas, as well as the user's point of view and perspective. The systems EPIAIM, C-Book, and Anatom-Tutor include user's background feature in the user model and apply it to adaptive presentation and Adaptive HyperMan applies it to adaptive navigation support.
By user's experience in the given hyperspace we mean how familiar is the user with the structure of the hyperspace and how easy can the user navigate in it. This is not the same as user's knowledge of the subject (Vassileva, 1996) . Sometimes, the user who is generally quite familiar with the subject itself is not familiar at all with the hyperspace structure. Vice versa, the user can be quite familiar with the structure of the hyperspace without deep knowledge of the subject. One more reason to distinguish hyperspace experience from knowledge level is the existence of an adaptive navigation technique Vassileva, 1996) which relies on this feature of the user (see Section 6.4).
Such individual features of a user as background or experience are usually also modeled by a stereotype user model (MetaDoc, Anatom-Tutor, EPIAIM, C-Book). The stereotype can be an experience stereotype Vassileva, 1996) , or a background stereotype for such dimensions as profession , prospect (Beaumont, 1994) , or native language .
PREFERENCES
The last, but not the least important feature of the user considered by adaptive hypermedia systems is user's preferences. For different reasons the user can prefer some nodes and links over others and some parts of a page over others. These preferences can be absolute (Hypadapter, Information Islands) or relative, i.e., dependent from the current node, goal (PUSH, HYPERFLEX) and current context in general (WebWatcher, CID, DHS, Adaptive HyperMan). Preferences are used most heavily in IR hypermedia and, at the same time, in most adaptive IR hypermedia systems preferences are the only stored information about the user.
User's preferences differ from other user model components in several aspects. Unlike other components, the preferences cannot be deduced by the system. The user has to inform the system directly or indirectly (by a simple feedback) about such preferences. It looks more close to adaptability then to adaptivity. The difference is that adaptive hypermedia systems can generalize the user's preferences and apply it for adaptation in new contexts Boy, 1991; H66k et al., 1996; Kaplan et al., 1993; Katsumoto et al., 1996; . Another specific feature of preference modeling is the way of representation. While other parts of the user model are usually represented symbolically, preferences are often represented and calculated numerically by very special ways Katsumoto et al., 1996; . The numeric way of presentation has some preferences over the symbolic way: it opens the possibility to combine several user models and to accumulate a group user model . Group models accumulate preferences of a specific group of users (such as a research laboratory). A group model is a nice starting model for a new member of the group. Group models are important also for collaborative work (it is very hard to collaborate when collaborators use individual user models and thus have different adapted views on the same subject).
What Can Be Adapted in Adaptive Hypermedia?
An important question to ask when speaking about any kind of adaptive systems is: what can be adapted in this system? Which features of the system can differ for different users? What is the space of possible adaptations? In adaptive hypermedia, the adaptation space is quite limited: there are not so many features which can be altered. At some level of generalization, hypermedia consist of a set of nodes or hyperdocuments (for the purpose of brevity we will call them "pages") connected by links. Each page contains some local information and a number of links to related pages. Hypermedia systems can also include an index and a global map which provide links to all accessible pages. What can be adapted in adaptive hypermedia are the content of regular pages (content-level adaptation) and the links from regular pages, index pages, and maps (link-level adaptation). We distinguish content-level and link-level adaptation as two different classes of hypermedia adaptation and call 
ADAPTIVE PRESENTATION
The idea of various adaptive presentation techniques is to adapt the content of a page accessed by a particular user to current knowledge, goals, and other characteristics of the user. For example, a qualified user can be provided with more detailed and deep information while a novice can receive additional explanations. In hypermedia systems, the content of a regular page may be not only a text as in classic hypertext systems but also a set of various multimedia items. From this point of view, we could distinguish adaptive text presentation and adaptive multimedia presentation in hypermedia systems. However, at present all work on adaptive presentation in hypermedia are really the works on adaptive text presentation. Some existing adaptive hypermedia systems do contain non-textual items (Brusilovsky & Zyryanov, 1993; de Rosis et al., 1993; Kobsa et al., 1994) , but cannot present these items adaptively. At the same time, there are a number of good techniques for adaptive multimedia presentation (Maybury, 1993; but these techniques have never been used in full-fledged hypermedia systems. As for adaptive text presentation, it is the most studied technology of hypermedia adaptation. Most part of the early works on adaptive hypermedia was centered around adaptive text presentation (Beaumont, 1994; Btcker et al., 1990; Boyle & Encarnacion, 1994; Brusilovsky, 1992b; de Rosis et al., 1993; Fischer et al., 1990) . This direction of research was influenced by the research on adaptive explanation and adaptive presentation in intelligent systems (Moore & Swartout, 1989; Pads, 1988; Zukerman & McConachy, 1993) . As we will show in the following sections, there are a number of different techniques for adaptive text presentation. We group these techniques into one single technology because they look very similar from a "what can be adapted" point of view: users with different user models get different texts as a content of the same page.
ADAPTIVE NAVIGATION SUPPORT
The idea of adaptive navigation support techniques is to help users to find their paths in hyperspace by adapting the way of presenting links to goals, knowledge, and other characteristics of an individual user. Though this area of research is very new, a number of interesting techniques have been already suggested and implemented. These techniques can be classified in five groups according to the way they use to adapt presentation of links. We distinguish five technologies for adapting link presentation which are different from a "what can be adapted" point of view: direct guidance, sorting, hiding, annotation, and map adaptation (Figure 4) . To compare these technologies we first need to understand how and in which context the links are usually presented. Here we mean links in the user's sense (i.e., visible and "clickable" representation of the related pages to which the user can navigate). We distinguish four kinds of link presentation which are different from the point what can be altered and adapted:
Local non-contextual links. This type includes all kinds of links on regular hypermedia pages which are independent from the content of the page. They can appear as a set of buttons, a list, or a pop-up menu. These links are easy to manipulate -they can be sorted, hidden, or annotated.
Contextual links or "real hypertext" links. This type comprises "hotwords" in texts, "hot spots" in pictures, and other kinds of links which are embedded in the context of the page content and cannot be removed from it. These links can be annotated but can not be sorted or completely hidden.
Links from index and content pages. An index or a content page can be considered as a special kind of page which contains only links. These links are usually presented in a fixed order (content order for content pages and alphabetic order for index pages). As a rule, links from index and content pages are non-contextual, unless such a page is implemented in a form of a picture.
Links on local maps and links on global hyperspace maps. Maps usually graphically represent a hyperspace or a local area of hyperspace as a network of nodes connected by arrows. Using maps, the user can directly navigate to all nodes visible on the map just by clicking on a representation of the desired node. From a navigation point of view, these clickable representations of nodes are exactly what we mean above by links, while the arrows serving as a representation of links are not used for direct navigation. Now we can compare existing technologies of link adaptation. Direct guidance is the most simple technology of adaptive navigation support. Direct guidance can be applied in any system which can decide what is the next "best" node for the user to visit according user's goal and other parameters represented in the user model. To provide direct guidance, the system can outline visually the link to the "best" node as it is done in Web Watcher , or present an additional dynamic link (usually called "next") which is connected to the "best" node as in ISIS-Tutor (Brusilovsky & Pesin, 1994) , SHIVA (Zeiliger, 1993) , HyperTutor (P6rez et al., 1995a) , and Land Use Tutor (Kushniruk & Wang, 1994) . The former way is more clear, while the latter is more flexible, because it can be used to recommend the node which is not connected directly to the current one (and not represented on the current page). Direct guidance is a clear and easy to implement technology, it can be used with all four kinds of link presentation listed above. The problem with direct guidance is that it provides limited support: "follow me or no help". Direct guidance can hardly be the primary form of navigation support because it provides no support for the users who would not like to follow the system's suggestion. Direct guidance is useful but it has to be used together with a "more supportive" technology.
The idea of adaptive ordering technology is to sort all the links of a particular page according to the user model and to some user-valuable criteria: the more close to the top, the more relevant the link is. Adaptive ordering has a limited applicability: it can be used with non-contextual links, but it can hardly be used for indexes and content pages and can never be used with contextual links and maps. Another problem with adaptive ordering is that this technology makes the order of links non-stable: it may change each time the user enters the page. At the same time, some recent research shows that the stable order of options in menus is important for novices (Debevc et al., 1994; Kaptelinin, 1993) . However, this technology seems to be useful for information retrieval (IR) applications Kaplan et al., 1993; . Experimental research showed that adaptive ordering can significantly reduce navigation time in IR applications where each page can have many non-contextual links. A similar area where adaptive ordering can be used is on-line documentation systems . There are also some suggestions on using adaptive ordering in educational hypermedia (Tomek et al., 1993) .
Hiding is currently the most often used technology for adaptive navigation support. The idea of navigation support by hiding is to restrict the navigation space by hiding links to "not relevant" pages. The page can be considered as not relevant for several reasons: for example, if it is not related to the user's current goal (Boy, 1991; Brusilovsky & Pesin, 1994; Grunst, 1993; H65k et al., 1996; Vassileva, 1996) or if it presents materials which the user is not prepared yet to understand (Brusilovsky & Pesin, 1994; Clibbon, 1995; Gonschorek & Herzog, 1995; P6rez et al., 1995a) . From the surface view, hiding looks like the most obvious and the most easy to implement technology. It protects users from the complexity of the unrestricted hyperspace and reduces their cognitive overload. Hiding has a wide applicability: it can be used with all kinds of non-contextual, index, and map links by real hiding buttons or menu items (Brusilovsky & Pesin, 1994) , and with contextual links by transferring clickable "hot words" to normal text (Gonschorek & Herzog, 1995; P6rez et al., 1995a) . Hiding is also more transparent to the user and looks more "stable" for them than adaptive ordering (links are usually added incrementally, but not removed or reordered).
The idea of adaptive annotation technology is to augment the links with some form of comments which can tell the user more about the current state of the nodes behind the annotated links. These annotations can be provided in textual form or in the form of visual cues using, for example, different icons (de La Passardiere & Dufresne, 1992; Schwarz et al., 1996) , colors (Brusilovsky & Pesin, 1994; Brusilovsky & Zyryanov, 1993) , or font sizes . A good review of various visual cues which can be used in hypermedia systems can be found in (Arens & Hammw6hner, 1995) . Link annotation is known as an effective technology of navigation support in hypermedia (Zhao et al., 1993) . The typical kind of annotation considered in traditional hypermedia is static (user independent) annotation. Adaptive navigation support can be provided by dynamic user modeldriven annotation. Adaptive annotation in its simplest history-based form (outlining the links to previously visited nodes) has been applied in some hypermedia systems including several World-Wide Web browsers. Even this simplest form of adaptive annotation which can distinguish only two states of links (links to visited/not visited nodes) appears to be quite useful. Current adaptive hypermedia systems (Brusilovsky & Pesin, 1994; Schwarz et al., 1996) can distinguish and annotate differently up to six states on the basis of the user model (see Section 6.4).
Annotation seems to be a very relevant form of adaptive navigation support. Annotation can be naturally used with all four possible forms of links. This technique supports stable order of links and avoids problems with incorrect mental maps. Annotation is generally a more powerful technology than hiding: hiding can distinguish only two states for the nodes -relevant and non-relevant -while annotation, as mentioned above, up to six states, in particular, several levels of relevancy as it implemented in Hypadapter . Annotations do not restrict cognitive overload as much as hiding does, but the hiding technology can be quite well simulated by the annotation technology using a kind of"dimming" instead of hiding for "not relevant" links. Dimming can decrease cognitive overload in some extent (the user can learn to ignore dimmed links), but dimmed links are still visible (and traversable, if required) which protects the user from forming wrong mental maps.
Map adaptation technology comprises various ways of adapting the form of global and local hypermedia maps presented to the user. Such technologies as direct guidance, hiding, and annotation also can be used to adapt hypermedia maps, but all these technologies do not change the form or the structure of maps. Humancomputer interaction research offers a number of techniques to adapt the structure and the form of various kinds of networks, including hypermedia maps (Furnas, 1986; Mukherjea & Foley, 1995; Mukherjea et al., 1995; Rivlin et al., 1994) . However, most of these ideas have not been applied yet in adaptive hypermedia systems. The only known exeption (see Section 6.4) is the HYPERCASE system (Micarelli & Sciarrone, 1996) which is partly based on the ideas of (Rivlin et al., 1994) .
Direct guidance, sorting, hiding, annotating, and map adaptation are the primary technologies for adaptive navigation support. As we will see in the following sections, most existing adaptation techniques use exactly one of these ways to provide adaptive navigation support. However, these technologies are not contradictory and can be used in combinations. For example, ISIS-Tutor (Brusilovsky & Pesin, 1994) uses direct guidance, hiding, and annotation and Hypadapter uses sorting, hiding, and annotation. In particular, the direct guidance technology can be naturally used in combination with any of the three other technologies.
How Adaptive Hypermedia Can Help
In this section we consider methods by which adaptive hypermedia systems can help to solve some hypermedia problems and describe the most interesting techniques applied by existing AH systems to implement these methods. Since content adaptation techniques and adaptive navigation support techniques are intended to solve different problems we consider them separately.
HOW CONTENT ADAPTATION CAN HELP: METHODS
At present, content adaptation is used in three classic hypermedia application areas: on-line information systems -Hypadapter , MetaDoc (Boyle & Encarnacion, 1994) , KN-AHS PUSH (H66k et al., 1996) , on-line help systems -Lisp-Critic , EPIAIM (de Rosis et al., 1993) , WING-MIT (Kim, 1995) , and ORIMUHS (Encamaq~o, 1995b), and educational hypermedia-Anatom-Tutor (Beaumont, 1994) , ITEM/IP (Brusilovsky, 1992b) , C-book , and SYPROS (Gonschorek & Herzog, 1995) (Table II) .
The goal of the most popular method of content adaptation (we call it additional explanations) is to hide from the user some parts of information about a particular concept which are not relevant to the user's level of knowledge about this concept. For example, low level details can be hidden from users with a poor level of knowledge of this concept because they cannot understand these details. On the contrary, additional explanations usually required by novices to understand the concept can be hidden from users with a good level of knowledge of the concept because they do not need these explanations anymore. In more general terms, in addition to the basic presentation, some category of users can get some additional information which is specially prepared for this category of users and will not be shown to users of other categories. This method is used in MetaDoc (Boyle & Encarnacion, 1994) , KN-AHS , ITEM/IP (Brusilovsky, 1992b) , EPIAIM (de Rosis et al., 1993) , and Anatom-Tutor (Beaumont, 1994) . A goal-based variant of this method is to hide from the user some parts of information about a particular concept which are not relevant to the current user's goal (H66k et al., 1996) .
Two other methods prerequisite explanations and comparative explanations change the information presented about a concept depending on the user knowledge level of related concepts. The first method is based on prerequisite links between concepts. The idea is the following: before presenting an explanation of a concept the system inserts explanations of all its prerequisite concepts which are not sufficiently known to the user. This method is used in Lisp-Critic (Fischer et al., 1990 ) and C-book . The second method is based on similarity links between concepts. If a concept similar to the concept being presented is known, the user gets a comparative explanation which stress similarities and differences between the current concept and the related one. Such comparative explanations are particularly effective in the domain of programming languages. Interestingly, all systems which apply this method (ITEM/IP, Lisp-Critic, and Cbook) belong to this domain.
Another method (we call it explanation variants) assumes that showing or hiding some portion of the content is not always sufficient for the adaptation because different users may need essentially different information. With this method, the system stores several variants for some parts of the page content and the user gets the variant which corresponds to his or her user model. This method is used in Anatom-Tutor (Beaumont, 1994) , Lisp-Critic ), Hypadapter , ORIMUHS (Encamaqao, 1995b), SYPROS (Gonschorek & Herzog, 1995) , and WING-MIT (Kim, 1995) . An interesting method which can take into account both the user's background and knowledge level is sorting the fragments of information about the concept where the information which is most relevant to user's background and knowledge is placed toward the front. This method is implemented in Hypadapter and EPIAIM .
How CONTENT ADAPTATION CAN HELP: TECHNIQUES
A simple, but effective technique for content adaptation is the conditional text technique which is used in ITEM/IP (Brusilovsky, 1992b) , Lisp-Critic , and C-book . With this technique, all possible information about a concept is divided into several chunks of texts. Each chunk is associated with a condition on the level of user knowledge represented in the user model. When presenting the information about the concept, the system presents only the chunks where the condition is true. This technique is a low-level technique -it requires some "programming" work from the author to set all the required conditions -but it is also very flexible. By choosing appropriate conditions on the knowledge level of the current concept and related concepts represented in the user model, the author can implement all the methods of adaptation listed above excluding sorting. A simple example is hiding chunks with irrelevant explanations if the user's knowledge level of the current concept is good enough, or turning on a chunk with comparative explanations if the corresponding related concept is already known.
A more high level technique which can also turn off and on different parts of the content according to the user knowledge level is suggested in the MetaDoc (Boyle & Encamacion, 1994) and developed further in KN-AHS . This technique is based on str~tchtext which is a special kind of hypertext. In a regular hypertext, a result of activation of a hot word is moving to another page with related text. In stretchtext this related text can simply replace the activated hotword (or a phrase with this hotword) extending the text of the current page. If required, this extended or "uncollapsed" text may be collapsed back to a hotword. Each node in MetaDoc is a stretchtext page which may contain many "uncollapsable" hotwords. The idea of adaptive stretchtext presentation in MetaDoc is to present a requested page with all stretchtext extensions non-relevant to the user being collapsed and all extensions relevant to the user being uncollapsed. To achieve this result an author can declare some uncollapsable textual information contained in a node as an additional explanation of a particular concept, or as a low level detail of a particular concept. Optionally, the user of MetaDoc with a high degree of knowledge of a concept will always get additional explanations of this concept hidden (collapsed) and all low level details uncollapsed. On the contrary, the user with poor knowledge of a concept will always get additional explanations of this concept visible and all low level details collapsed. The user with medium level knowledge will see both kinds of information. An important feature of the adaptive stretchtext technique is that it lets both the user and the system adapt the content of a particular page and that it can take into account both the knowledge and the preferences of the user. After optional presentation of the stretchtext page, it can be further adapted by the user who can uncollapse and collapse appropriate explanations and details according to his or her preferences. The system updates the user model according to the preferences demonstrated by the user to ensure that the user will always see a preferred combination of collapsed and uncollapsed parts. For example, if the user has collapsed additional explanations of a particular concept, the system will always show additional explanations of this concept collapsed until the user changes the preferences.
The explanation variants method can be implemented by fragment variants and page variants techniques. Page variants is the most simple adaptive presentation technique. With this technique, a system keeps two or more variants of the same page with different presentations of the same content. As a rule, each variant is prepared for one of possible user stereotypes. When presenting a page, a system selects the page variant according to the user stereotype. This technique is used in Anatom-Tutor (Beaumont, 1994) with background stereotypes, in ORIMUHS (Encarnaqao, 1995b) and WING-MIT (Kim, 1995) with knowledge stereotypes, and in C-book with stereotypes reflecting user proficiency with the language of presentation (English). A similar technique is used in EPIAIM (de Rosis et al., 1993) and C-book to adapt example presentation to the user's background. These systems store several examples illustrating particular concept and offers the user the example which is most suitable to the user's previous experience and interests.
Fragment variants is a more fine-grained implementation of explanation variants method. An good example here is Anatom-Tutor (Beaumont, 1994) . In Anatom-Tutor, a page is not equal to a concept as in some other systems and it can include explanations of several concepts. The system stores several variants of explanations for each concept and the user gets the page which includes variants corresponding to his or her knowledge about the concepts presented in the page. This idea is supported by the work of Paris (Paris, 1988) who shows that users with different knowledge of a particular concept need structurally different explanations about the concept. An interesting feature of Anatom-Tutor is a combination of page variants and fragment variants methods to support adaptation to both the user's background and the user's knowledge. The current page variant for an accessed node is selected according to the user's background. This page can be further adapted: for each concept mentioned in the page, the system selects the explanation which is most suitable to the user's knowledge level.
The most powerful of the all content adaptation techniques is the frame-based technique implemented in Hypadapter , and EPIAIM . With this technique all the information about a particular concept is represented in form of a frame. Slots of a frame can contain several explanation variants of the concept, links to other frames, examples, etc. Special presentation rules are used to decide which slots should be presented to a particular user and in which order. More exactly, in EPIAIM these rules are used to select one of the existing presentation schemes (each scheme is an ordered subset of slots) and the scheme is used to present the concept. In Hypadapter, the rules are used to calculate the "presentation priority" for each slot and then a subset of slots with high priority is presented in order of decreasing priority. In their conditional parts, these rules can refer not only to the user knowledge level of a concept being presented, but also to any feature represented in the user model. In particular, both systems which use this technique take into account the background of the user. In Hypadapter and EPIAIM, the frame-based technique is used to implement all methods mentioned above except prerequisite and comparative explanation. However, the latter two methods also can be implemented with the frame-based technique by setting appropriate conditions on the knowledge level of related concepts.
The very recent technique developed in the PUSH project (H56k et al., 1996) can be considered as a combination of stretchtext and frame-based adaptation. A hypermedia page in this on-line information system provides a complete description of a particular object structured as a ordered sequence of typed information entities. Each type of objects in PUSH has its own assortments of information entity types which are used to describe an object of this type. It is very close to the frame-based model where information entities play roles of slots describing various aspects of an object. A specific feature of PUSH, however, is that each information entity is a reasonably big portion of hypertext. The complete description of an object is usually very big and takes several pages of information. To protect users from the information overflow and to help them to find a required piece of information, the system use hiding: it presents only those types of information entities about the current object which are relevant to the current goal of the user (the goal can be set by the user or deduced by the system). At the same time, to keep the adaptation transparent, the system maintains the stable presentation order of the information entities and never hides non-relevant entities completely: the titles of hidden nonrelevant entities are always shown. If the user is not satisfied with the system's decision to show or to hide a particular entity, he can collapse or uncollapse the content of the information entity by clicking on an icon near its title. The resulting interface looks quite similar to MetaDoc stretchtext interface: non-relevant pieces of material are not presented to the user, showing only a keyword (in MetaDoc) or the title (in PUSH), but the user can override the adaptation by opening and closing any desired piece of information.
How ADAPTIVE NAVIGATION SUPPORT CAN HELP: METHODS
Adaptive navigation support techniques are used to achieve several adaptation goals: to provide global guidance, to provide local guidance, to support local (Table III) . Generally, these goals are different, but at the same time each pair of neighboring goals in this list has something in common. So, it is rather a continuum of goals where the borders between neighbors are not clear-cut, and some methods and techniques work for more than one goal (Figure 3 ).
Global guidance
Global guidance can be provided in hypermedia systems where users have some "global" information goal (i.e., need information which is contained in one or several nodes somewhere in the hyperspace) and browsing is the way to find the required information. The goal of global guidance methods is to help the user to find the shortest way to the information goal with minimal floundering. Global guidance is the primary goal of adaptive navigation support in IR hypermedia and also an important goal in on-line help and on-line information systems with reasonably big hyperspaces. The user's information goal which is usually clearly or partly provided by the user is the primary user feature for adaptive guidance. The most direct method of providing global guidance is to suggest to the user at each step of browsing which of the links from the given node to follow (i.e., to apply the direct guidance technology). This method is used in WebWatcher (Armstrong et al., 1995) . A more supportive method is to apply adaptive sorting technology and to sort all the links from the given node according to their relevance to the global goal (the most relevant -first). Here, users still have the possibility of proceeding along the first most relevant link, but also have some more information (relevance of the other links) to make a free choice. This method is used in Adaptive HyperMan , and HYPERFLEX .
A special case for global guidance is educational hypermedia. In an educational hypermedia system a student usually has a global goal, but it is the learning goalthe knowledge which the user has to learn. The learning goal is different from an information goal, it is not a small piece, but a big subset of the hyperspace (sometimes the total hyperspace). Another specific feature of educational hypermedia is that to provide global guidance a system has to know not only the global learning goal itself, but also the current state of user knowledge of the subject being taught. What is similar with IR hypermedia is the choice of adaptation technologies: it can be either direct guidance or adaptive sorting. A most popular method of providing global guidance in educational hypermedia is direct guidance with the dynamic button "next". There are a number of different elaborated techniques which implement this method. Usually, these techniques are hypermedia-adjusted implementations of curriculum sequencing techniques from the domain of intelligent tutoring systems (ITS). Curriculum sequencing techniques (Brusilovsky, 1992a) can build for a user the shortest individual sequence of learning units (presentations, examples, problems) to achieve the learning goal. The button "next" in educational hypermedia activates a similar sequencing mechanism which selects the node with most relevant educational material according to the current user knowledge, learning goal, and system tutoring strategy (Brusilovsky & Pesin, 1994; Brusilovsky, 1992b; Zeiliger, 1993) .
As for the use of adaptive sorting for global guidance in educational hypermedia, at least one method based on sorting links according to the global learning goal was suggested (Tomek et al., 1993) , but there are no techniques which implement it. Direct guidance seems to be a very relevant technology for global guidance in educational hypermedia. Users of educational hypermedia are usually novices who have problems with making their own choice and rely heavily on the suggestion of the system. For the novices, the button "next" is the most often used navigation tool (Reed et al., 1995) . On the contrary, sorting seems to have a limited applicability in educational hypermedia. First, it can be used only with non-contextual links which are not very popular in educational hypermedia. Second, even for non-contextual links it is not as relevant as in IR hypermedia (where users are mostly professionals) I 11 because novices prefer to have a stable order of items (i.e., links) in menus (Debevc et aI., 1994; Kaptelinin, 1993) .
Local guidance
The goal of local guidance methods is to help the user to make one navigation step by suggesting the most relevant links to follow from the current node. This goal is somewhat similar, but more "modest" than the goal of global guidance. Local guidance methods do not expect a global goal to provide a guidance. They make a suggestion according to the preferences, knowledge, and background of the userwhatever is more important for the given application area. For example, a relevant method of local guidance for IR hypermedia and on-line information systems is sorting links according to user preferences (Adaptive HyperMan, HYPERFLEX) and background (Adaptive HyperMan). Methods used in educational hypermedia are: sorting links according to the user's knowledge and direct guidance according to the user knowledge (Kushniruk & Wang, 1994; P6rez et al., 1995a) . The latter method is usually applied to select the most relevant problem from the set of problems available from the current point. Ifa system shares the features of both on-line information systems and educational hypermedia like Hypadapter , a local guidance technique can take into account all the features mentioned above: preferences, knowledge, and background.
Local orientation support
The goal of local orientation support methods is to help the user in local orientation (i.e., to help them in understanding what is around and what is his or her relative position in the hyperspace). Existing AH systems implement local orientation support by two different ways: providing additional information about the nodes available from the current node (i.e., use of annotation technology) and limiting the number of navigation opportunities to decrease the cognitive overload and let the users concentrate themselves on analyzing the most relevant links (i.e., use of hiding technology).
Methods based on hiding technology have the same idea: to hide from the user all the links (either from index or from a local node) which are not relevant to him or her at the given moment, or in other words, to show only relevant links. Methods differ with respect to the principles used to decide which links are relevant and which are not. This decision can be made according to the user's knowledge, goals, experience, and preferences. The most simple method in this category is to show only the links relevant to the user's preferences (Waterworth, 1996) , but existing implementation of this method is not really adaptive. The most universal method is to show only the links which are relevant to the user's current goal. This method was used in the on-line help system HyPLAN (Grunst, 1993) , the institutional hypermedia system Hynecosum (Vassileva, 1996) , and in the on-line information systems CID (Boy, 1991) and PUSH (H66k et al., 1996) . Another method which is based on the user's experience in the given hyperspace is to show more links for users who have more experience in the hyperspace, as is done in HyperTutor (P6rez et al., 1995a) and Hynecosum (Vassileva, 1996) . Novices in these systems will see quite a small number of links. Along the growth of users' experience they will be able to see gradually more links from the same place.
Two methods based on the hiding technology are specific for educational hypermedia. A very popular method in this application area is to hide the links to the nodes which are not yet ready to be learned (usually it means that these nodes have unlearned prerequisite nodes). This method is used in several systems: ISIS-Tutor (Brusilovsky & Pesin, 1994) , HyperTutor (P6rez et al., 1995a) , (Clibbon, 1995) , and Hypadapter . Another method specific for educational hypermedia is to hide the links to the nodes which belong to the educational goals of subsequent lessons and do not belong to the current educational goal, as is done in ISIS-Tutor and SYPROS (Gonschorek & Herzog, 1995) .
The idea of methods based on annotation technology is to inform the user about the current "state" of the nodes behind visible links. At present, four basic methods have been suggested for this. First, annotation can be used to show several gradations of link relevancy. For example Hypadapter uses three different font sizes to annotate links as very relevant, relevant, and less relevant. Second, annotation can reflect several levels of user knowledge of the nodes behind the annotated links. At present the techniques implementing this method distinguish three levels of user knowledge of the node: not-known, in-work and well-learned (Brusilovsky & Pesin, 1994; Brusilovsky & Zyryanov, 1993; de La Passardiere & Dufresne, 1992; Schwarz et al., 1996) . Two other methods use annotation in situations where hiding is usually used. The first one is outlining the links related to the current goal (Brusilovsky & Pesin, 1994) . The second one is providing special annotation for links to not ready to be learned nodes (ITEM/PG and ISIS-Tutor use a kind of dimming and ELM-ART uses "red" traffic light icon). The latter examples show that in many cases methods based on the hiding technology also can be implemented with the annotation technology either by outlining the relevant links or by dimming not relevant links. However, annotation can hardly be used in the cases where the number of visible links is very big (and where hiding is still applicable).
As we see, local orientation support methods do not guide the user directly, but provide help in understanding what are the proximal links and in making well-grounded navigation choices. From another perspective, global and local guidance methods based on sorting technology can support local orientation to some extent, but not as effectively as special orientation support methods described above because the position of a link in a sorted list gives the user very little additional information about this link.
Global orientation support
The goal of global orientation support methods is to help the user to understand the structure of the overall hyperspace and his or her absolute position in it. In nonadaptive hypermedia, this goal is usually achieved by providing visual landmarks and global maps which can directly help the user in global orientation and by providing guided tours to help the user gradually learn the hyperspace (Linard & Zeiliger, 1995) . Adaptive hypermedia can provide more support for the user along the same lines by applying hiding and annotation technologies. In fact, all those hiding and annotation methods considered above which are systematic -i.e., when the decision about hiding and annotating a link depends only on the state of the node behind the link and does not depends not from the user's position in the hyperspace -support also user global orientation.
Annotations function as landmark: since a node keeps the same annotation when the user looks at it from different positions in the hyperspace, the user can more easily recognize the nodes he or she met before and understand the current position. Especially useful here is the method which provides different annotations depending on the user knowledge level (Brusilovsky & Pesin, 1994; Brusilovsky & Zyryanov, 1993; de La Passardiere & Dufresne, 1992; Schwarz et al., 1996) . Hiding reduces the size of the visible hyperspace and can simplify both orientation and learning. In such application areas as educational or institutional hypermedia where the hyperspace is not especially big, hiding can effectively support gradual learning of the hyperspace. The useful hiding methods for this purpose are those which gradually show the user incrementally larger parts of the hyperspace. The examples from educational hypermedia are the methods of hiding not-ready-to-belearned nodes as in ISIS-Tutor (Brusilovsky & Pesin, 1994) , HyperTutor (P6rez et al., 1995a) , (Clibbon, 1995) , and Hypadapter and nodes which are the educational goals of subsequent lessons as in ISIS-Tutor and SYPROS (Gonschorek & Herzog, 1995) . An example of a more universal method is the method which shows gradually more links with the growth of the user experience in the given hyperspace, as is done in HyperTutor and Hynecosum (Vassileva, 1996) .
A promising direction of adaptive global orientation support is adaptation of local and global maps , but this direction is really underinvestigated. Generally, all systematic hiding and annotation methods can be applied to adapt hyperspace maps, but no existing AH systems really do that. Another possibility is applying the map adaptation technology (i.e., the adaptive construction of local and global maps where the very structure of the map can depend on the user characteristics). The only existing work in this area is the HYPERCASE system (Micarelli & Sciarrone, 1996) which suggests a technique to generate global and local maps according to the current user goal.
Managing personalized views
Managing personalized views is a new goal for adaptive hypermedia systems. Personalized views is a way to organize an electronic workplace for the users who need a access to a reasonably small part of a hyperspace for their everyday work. The usual way to protect these users from the complexity of the overall hyperspace is to let them organize personalized goal-oriented views, Each view is just a list of links to all hyperdocuments which are relevant to a particular working goal. Traditionally, it is the duty of the users to create and to manage their personalized views (adaptability). Classic hypermedia systems and modem WWW browsers suggest bookmarks and hotlists as a way to make personal views. More advanced systems suggest some more high-level adaptability mechanisms based on metaphors (Waterworth, 1996) and user models (Vassileva, 1996) .
Adaptive solutions, i.e., system supported management of personalized views, are required in WWW-like dynamic information spaces where items can appear, disappear, or evolve. By now we can mention only BASAR as an example of a system which provides adaptive management of personalized views. BASAR uses intelligent agents to collect and maintain an actual set of links relevant to one of the user's goals. The agents can search regularly for new relevant items and identify expired or changed items. Currently we can hardly formulate any methods (as generalization of existing techniques) for managing personalized views, but it can be done very soon because several research groups are start working on BASAR-like systems for WWW.
How ADAPTIVE NAVIGATION SUPPORT CAN HELP: TECHNIQUES
One of the most often referenced techniques for adaptive sorting of links was implemented in HYPERFLEX which can be considered as an on-line information system or IR hypermedia system. HYPERFLEX provides the user with global and local guidance by displaying an ordered list of nodes related to the current node. The links are ordered according to their relevance to the current node (most relevant -first). If the user selects the current search goal from the list of existing goals, sorting also takes into account the relevance of the displayed links to the selected goal. New goals can be also created by users themselves. The main component of the user model in HYPERFLEX is a matrix of relevance which stores relevance values between each pair of documents and from each goal to each document. This matrix reflects mainly user preferences on the link order: in HYPERFLEX the user can move the links to tell the system directly his or her preferences regarding the relative order of links (i.e., which are the relevant links and in which order he or she would like to see them when a particular document is the current document or when a particular goal is the current goal). These preferences are processed by the system to update the user model. Therefore the preferences shown in one context can influence adaptation in another context. i 15 A powerful and universal technique for ordering the links according their relevance is implemented in Adaptive HyperMan . The system takes into account many factors or inputs: user background (profile), user search goal (set of keywords), current node of interest, etc., and returns as an output an ordered set of documents relevant to the provided input. If the search goal is set, the system can provide global guidance, otherwise it can provide local guidance. To calculate the relevancy for the documents the system uses a personal relevance network which stores in this special form individual preferences of the users. To provide feedback, the user judges the set of nodes selected by the system as relevant or not relevant to the input from his or her personal point of view. This feedback is used by the system to update the individual relevance network so it gradually learns user preferences.
A flexible original (and actually the first known) technique for local guidance and local orientation support is implemented in Hypadapter . A node in Hypadapter is represented as a frame which usually has several "relation" slots storing different kinds of links to related nodes. Hypadapter uses a set of rules to calculate the relevance of links for each relational slot from the current node. Each applicable rule can increment or decrement the relevance value of the link depending on specific features of the link and the node behind it. Then the system uses a combination of sorting, hiding, and annotation to show relevance to the user: first, the links are sorted according to the relevance, second, the system uses three different font sizes to annotate very relevant, relevant, and less relevant links, third, the system hides irrelevant links. For example, the links to concepts not ready to be learned can be hidden in this way.
Another example of a rule-based adaptive navigation support technique is the rule-based hiding technique implemented in the educational hypermedia systems HyperTutor (Prrez et al., 1995a) and SYPROS (Gonschorek & Herzog, 1995) . Both systems use special sets of pedagogical rules to decide which concepts and nodes should be visible at a given moment and which should not. These rules take into account the type of the concept, the types of its links to other concepts, and the current state of the user's knowledge as reflected in the user model. If a node is not to be visible, then all contextual links to this node will be changed from hot words to normal text. The rule-based hiding technique is very flexible. By manipulating with hiding rules it is possible to implement several local and global orientation support methods based on hiding, such as hiding not ready to be learned nodes, or hiding nodes which belong to the subsequent lessons. In SYPROS hiding is used to implement the explanation variants method of content adaptation. The hyperspace contains several nodes devoted to the same concepts which are oriented toward users with different levels of knowledge. Hiding rules always keep visible only those nodes which suit to the user's current level of knowledge.
A very different hiding technique is suggested in Hynecosum (Vassileva, 1996) . This system supports hierarchies of tasks for users of different categories. Each hyperspace node in the system is indexed by the elementary (terminal) tasks which require access to this node. Thus, for each terminal task the system can compile the associated list of nodes relevant to this task. By definition, a list of relevant nodes for higher level tasks includes all the nodes relevant at least to one of its subtasks. Using this knowledge Hynecosum can provide local orientation support by hiding. Working with Hynecosum the user always informs the system which task he or she is currently performing by selecting one of the tasks from a personal hierarchy. Knowing the user's task, the system can hide from the user all nodes which are not relevant to the current task. This makes the set of visible nodes manageable. When the selected task is a high level task in the hierarchy, the number of visible nodes can still be too big. To provide additional support for novices, Hynecosum will not show links to document nodes until the user sets the current task more exactly by selecting a lower level task in the hierarchy. The more experienced the user is, the higher the level is when the user gets access to document nodes. Thus, the technique implemented in Hynecosum supports both goal-based and experience-based methods of hiding.
The techniques implemented in ISIS-Tutor (Brusilovsky & Pesin, 1994) , ITEM/ PG (Brusilovsky & Zyryanov, 1993) , and ELM-ART support several methods of local and global orientation support based on annotation and hiding. The backbone of the hyperspace in these systems is formed by a conceptual network which represents the pedagogical structure of the subject being taught. Each concept in the conceptual network is represented by a node of the hyperspace. Concept nodes in the network are connected by different kinds of relationships such as "is-a", "part-of", and "prerequisite". Another kind of node in the hyperspace is a learning unit (such as a textbook section, a problem, or an example). Each learning unit is connected to all concept nodes which are required to work with this unit. The overlay student model separately represents the level of the student's knowledge of each of the concepts. Using this student model and prerequisite links, the systems can distinguish four educational states for each node represented by a hypermedia page: not-ready-to-be-learned (i.e., has unlearned prerequisites), ready-to-be-learned, in-work (learning started), and learned (student has solved the required number of problems for the concept). The idea is that concepts with different educational states have different meanings for the student and making educational states visible would help the student in hyperspace navigation. To make educational states visible, links to the concepts with different educational states are annotated differently using different colors (ITEM/PG and ISIS-Tutor) and different icons (ELM-ART). As an option, the links to not-ready-to-be-learned pages in ISIS-Tutor can be hidden.
The same framework was used in ISIS-Tutor and ELM-ART to implement one additional adaptation method based on the learning goal. The teacher can set for each student a sequence of learning goals (here a goal is a set of concept nodes of the network which have to be learned). Each goal serves as a chapter in a book: Concepts belonging to the same goal are expected to be learned together and then mastered by solving a number of problems before a student moves to the next goal. Two technologies are used for adaptation to the learning goal: first, to attract the student's attention the system outlines links to the concepts belonging to the current goal (ISIS-Tutor, ELM-ART), second, to decrease the student's cognitive load it hides concepts which belong to the next learning goals (ISIS-Tutor).
The technique used in HYPERCASE (Micarelli & Sciarrone, 1996) is the only known example of map adaptation. This technique supports local and global orientation by adapting the form of local and global maps to the didactic or information goal of the users. Similar to HYPERFLEX, HYPERCASE represents and uses knowledge about possible goals for goal adaptation, but the type of goal knowledge is very different from HYPERFLEX. HYPERCASE uses a case-based approach and a neural network technology to store in the database of cases several typical navigation paths for each of the didactic goals. Using this knowledge, the system can find the most similar standard path (and thus the most probable didactic goal) for the navigation path of a real student supplied as an input to the case-based mechanism. When the student requests help, HYPERCASE can show where he or she is located in the hyperspace by drawing a wide-area or local area hierarchical map using the technique suggested in (Rivlin et al., 1994) . As the root of the hierarchy the system uses the "central node" of the hyperspace (which is computed by a special method) for the wide-area map and the closest node of a deduced standard path for the local-area map. This technique is suitable for educational hypermedia and on-line information systems.
User Modeling in Adaptive Hypermedia
All previous sections were devoted to the issues related to adaptation techniques in adaptive hypermedia (i.e., techniques which use the student model to provide some kind of adaptation to the user). This is, however, only the second part of the overall adaptation process (Figure 1 ). In this chapter we will consider some issues related with the first part of this process -the user modeling. We will not discuss here all issues of user modeling in adaptive hypermedia because most of them are not really specific to adaptive hypermedia (unlike the issues related with adaptation) and have been discussed in a number of other papers on adaptive systems-see Kok, 1991) for a comprehensive review. What seems to be quite specific for user modeling in adaptive hypermedia is the sharing of the duties between the user and the system in the process of user modeling. The discussion in this section is centered around the problems of collaborative user modeling in AH systems.
A recent review of adaptive user interfaces (Dieterich et al., 1993 ) provides a very fine-grained taxonomy to describe sharing duties between the system and the user in the process of adaptation, We will base our discussion on a different model which is more suitable for our domain. We outline three stages in the adaptation process (Figure 1) : collecting data about the user, processing the data to build or update the user model, and applying the user model to provide the adaptation. In our case, the last stage of this process is always performed by the system because we define as adaptive hypermedia systems exactly the systems which can provide automatic adaptation on the basis of the user model. In the case of "classic" or fully adaptive systems, the system also performs both of the previous stages of the overall process: while the user is simply working in an application system, the adaptation component watches what the user is doing, collects the data describing user's activity, processes these data to build the user model, and then provides an adaptation. Unfortunately, such an ideal situation is very rarely met in adaptive hypermedia systems. Almost all of them rely on external sources of information about the user. The main source of information for many of the systems is the information provided by the users themselves in several forms.
PROBLEMS WITH AUTOMATIC USER MODELING IN HYPERMEDIA SYSTEMS
There are some general problems related to automatic user modeling in adaptive systems. We name only two of them. First, automatic user modeling is not completely reliable. As it was pointed out in , systems which perform both user modeling and adaptation without user influence are twice unreliable -they can make an error when deducing the student model and they can make an error when providing adaptation (even if the model itself is correct). Second, some components of the user model, such as background and preferences of the user, cannot be deduced at all and have to be provided directly by the user. At the same time, research on adaptive dialogue systems demonstrates a number of effective technologies of automatic user modeling. In particular, two widely used standard technologies which have been shown to be effective for different applications involve (1) tracking the user's actions to understand which commands and concepts are known to the user and which are not, and (2) using the plan knowledge base to deduce the goal of the user.
The situation with automatic user modeling in adaptive hypermedia seems to be specific. Unlike in other kinds of application systems, watching what the user is doing in hypermedia provides insufficient information for user modeling. This fact was emphasized in several works on adaptive hypermedia (Beaumont, 1994; Boyle & Encarnacion, 1994; Vassileva, 1996) . Most known techniques for automatic user modeling can hardly be applied in this area. The only information about the user's actions which the system can record is the user's path through the hyperspace and the time spent on each node. The user's path itself and patterns of user navigation are an interesting source of information, but it is very hard to update the user model using only this information. There are only two adaptive hypermedia systems which offer some techniques for this. Hynecosum can deduce the user level of experience based on the patterns of user navigation and HYPERCASE (Micarelli & Sciarrone, 1996) can deduce the user's didactic goal from the user's path. Some cumulative information about user navigation, such as the time spent on a particular node or the number of visits to it is easier to use. For example, HYPERFLEX uses the time spent on a node to measure how relevant the node is to the current goal, and ISIS- Tutor uses the number of visits to predict the user knowledge level of the visited concept nodes. However, the fact that the user has visited a page several times or spent reasonable time on it does not even guarantee that the user attentively read its content. This kind of information is not reliable and cannot be used as the only source for building the user model. In fact, both HYPERFLEX and ISIS-Tutor use this information along with additional sources to update the user model.
ADDITIONAL SOURCES OF INFORMATION FOR AUTOMATIC USER MODELING
If automatic user modeling in adaptive hypermedia is hard and unreliable what are the ways for these systems to learn the information about the user? The answer depends on the application area. Two kinds of adaptive hypermedia systemson-line help systems and educational hypermedia in intelligent tutoring systems -are more lucky to have an additional source of information to update the user model ( Figure 5 ). On-line help systems are designed to serve as a part of a complex interactive system. Regular methods of user modeling can be applied in these systems to recognize the goal and the level of user experience. A good example is provided by HyPLAN (Grunst, 1993) which can infer the goal of the user working in a spreadsheet application and offer an adaptive help index which shows only the links relevant to this goal. Educational hypermedia in intelligent tutoring systems can use the information about the user (i.e., the student) from the student model which is an important part of any ITS. The student model in ITS is updated mainly by analyzing the student's answers to the offered tests, questions, or problems. This information about the student is usually more reliable than information inferred by watching the student navigation. It is not surprising that most existing adaptive educational hypermedia systems (Anatom-Tutor, ELM-ART, ELM-PE, HyperTutor, ISIS-Tutor, ITEM/PG, Land Use Tutor, SHIVA, SYPROS) are designed in ITS context.
THREE APPROACHES TO COLLABORATIVE USER MODELING
In all other cases, the only way for the system to get the required information about the user is to involve the user in the process of user modeling and to collaborate with the user in gathering the information. It can be called collaborative or cooperative (Kay, 1995) user modeling. According to the three stages of user modeling process, we distinguish three approaches to involving the user in the process of user modeling ( Figure 5 ). First, users can provide the data required for the user modeling mechanism. For example, rather than guessing whether a particular page is relevant to the user's goal using the time spent on it (as it was done in HYPERFLEX) the system can directly request this feedback from the user (as it was done in Adaptive HyperMan). Similarly, rather than guessing whether the user understands a particular page, the system can get feedback from the user. Such a feedback is a more reliable source of information and not very difficuilt for the user to provide. Data received from the user can be further processed by the system to update the user model. Second, users can make the desired adaptation themselves, directly showing the system what they would like to see on the screen in the given context. HYPERFLEX , MetaDoc (Boyle & Encamacion, 1994) , KN-AHS PUSH (H66k et al., 1996) demonstrate how this can be done in adaptive hypermedia for both link and content adaptation. HYPERFLEX adapts the list of links to related nodes by sorting the links according to their relevance to the current node and current user goal. The users can drag the links in the list to change their order thus telling the system which order of links they expect to see for the current goal and node. HYPERFLEX takes this information into account updating the main part of the user model -the relevance matrix. MetaDoc, KN-AHS, and PUSH adapt the context of a stretchtext page before presenting it to the user by showing or hiding some pieces of stretchtext according to the user's knowledge. Users can further adapt the content of the page by collapsing or uncollapsing pieces of stretchtext thus showing the system which information they actually want (or do not want) to see on the given page. These changes let MetaDoc and KN-AHS update the user knowledge level in the user model and help PUSH to infer the user's goal.
To proceed according to this second approach the system has to provide users with special interface features to make the adaptation (such as the possibility of dragging the links or collapsing/uncollapsing the text), i.e., the system should be user-adaptable. At the same time, the system has to be able to update the user model according to the preferences demonstrated by the user-driven adaptation. As a result, the preferences demonstrated by the user in one context can be used to adapt the interface in other contexts. The latter feature distinguish systems like HYPERFLEX and MetaDoc from simple user-adaptable systems which just store the set of user preferences "as is" and which cannot apply it in different contexts.
Third, the information in the user model can be updated directly by the information received from the users. In adaptive hypermedia systems Adaptive HyperMan , Hypadapter , Anatom-Tutor (Beaumont, 1994) , EPIAIM (de Rosis et al., 1993) , and C-Book as well as in many other kinds of adaptive systems, this method is used to set various features related to user background (profession, relevant experience, prospects, etc.) which can be provided only by the users themselves. More specific to adaptive hypermedia systems H66k et al., 1996; Kaplan et al., 1993; Vassileva, 1996) is the possibility for users to set their current goals (which are hard for the system to infer). The final step here is to make the user model viewable and changeable (Cook & Kay, 1994; Kay, 1995) -i.e., to provide a special interface for the users to inspect the content of the user model and to update it. With such an interface, the users can inspect all aspects of their models and make quite complicated changes, for example, changing the personal task hierarchy and visibility of nodes (Vassileva, 1996) . In some cases, end users are not skilled enough to change a non-trivial part of the user model reliably while this part is very important for the correct functioning of the adaptation. In these cases the system can provide an interface for a skilled responsible person (administrator) to set the model correctly ( Figure 5 ). For example, setting user classes and hierarchies in Hynecosum is expected to be done by an administrator. In educational hypermedia systems, the role of such an administrator is usually played by the teacher. In ISIS-Tutor it is the role of the teacher to set individual sequences of learning goals (an important part of the student model) for each student.
What is similar for the three analyzed approaches is the idea of involving the user in the process of user modeling to get additional information from the user and-as a result -to make user modeling more simple and more reliable. What is different with these approaches is the applicability. Providing feedback is the most simple method for users. It requires very small changes in the interface and can be used with any category of users. This method can provide some reliable data for inferring student preferences or knowledge. From another perspective, the amount of information provided with the feedback method is limited. Providing feedback is a side activity for users and should not disturb them from their main work. Feedback which requires more than two mouse clicks can be considered obtrusive. However, even one-click feedback combined with a powerful user modeling technique can give good results as demonstrated by Adaptive HyperMan .
Receiving information for the user model directly from the student is the most simple method for the system. It requires a rather complicated interface but does not require complicated inference methods. It is definitely the most relevant method of getting the information which can be provided easily -such as goal or background aspects. Updating some more complicated data as an overlay knowledge model or a goal hierarchy requires considerable time and experience level. Understanding the relationships between updated information in the user model and changed behavior also implies reasonable experience. This method is suitable for an experienced user who uses the system in everyday work or for an administrator.
The method based on user-driven adaptation is in the middle between the above extremes. To provide adaptation requires more time for the user than to provide feedback, but it is still not very distracting and can be done by a not very skilled user (because the user has to provide just a desired effect, not the changes in the user model). Data provided by the user still have to be processed to update the student model, but the amount of information provided is greater and the processing methods cannot be as complicated. This way is also the most transparent one for users because the relation between their actions and the received adaptation is straitforward. Finally, it naturally joins adaptivity and adaptability H66k et al., 1996) and opens the way to apply such a promising method as adaptively supported adaptability (Oppermann, 1994a; Oppermann, 1994b) . We think that this approach is the most relevant one for the continuum of users excluding beginners on one side (for them feedback is more easy) and experienced professionals on the other side (they can get more control by updating the user model).
Concluding Remarks
Adaptive hypermedia is a new but very quickly developing area of research. More than 20 truly adaptive hypermedia systems have been developed and described within the last three years. By now, most existing AH systems are applied in the traditional hypertext and hypermedia areas, such as on-line information systems, on-line help systems, and educational hypermedia. Some recent work demonstrates that AH techniques can be applied in a number of other application areas: IR hypermedia, institutional hypermedia, and personalized information spaces. In each of these application areas AH techniques can help to solve several groups of problems related to navigation in large hyperspaces and differences between hypermedia users.
Though adaptive hypermedia is a new area where most existing AH systems are original and very different from each other, it is already possible to identify a set of effective AH methods which have been implemented in several systems. These methods can be used as a set of building tools for creating future AH systems. In real AH systems, these methods have been implemented by different techniques which use different knowledge representations and different adaptation algorithms. Many of these techniques are well-described in the literature and can be re-used by the designers of AH systems.
The main characteristic of all methods and techniques of adaptive hypermedia is the applied technology of adaptation. We have identified seven adaptation technologies which are different from a "what can be adapted" point of view: adaptive text presentation, direct guidance, adaptive sorting, hiding, and annotation of links, adaptive multimedia presentation, and map adaptation. The first five of these technologies are well-investigated and used by many AH methods and techniques. The last two technologies are currently under-investigated and need further research. More work has to be done in applying current techniques of adaptive multimedia presentation to real-world hyperspaces and in making known techniques for generation of hypermedia maps adaptive.
One of the special features of AH systems is the important role of users in the user modeling process. Most existing AH systems cannot rely on "classic" automatic user modeling and must use external sources of information about the user. Many of the systems extend traditional "look and browse" hypermedia interface with special features that let users provide more information about their goals, knowledge, and preferences. A promising approach here is to let the user adapt presented hypermedia pages and take the user's changes into account to update the user model. This paper is an attempt at conducting a comprehensive review of existing AH systems. The review classifies existing AH techniques and methods according to several introduced dimensions and systematically presents the most interesting AH methods and techniques for both the adaptation and user modeling parts of the overall adaptation loop. At the end, we want to mention three important issues related with the topic of the paper which have been left outside the scope of the review. These issues are currently underinvestigated. For each of them we can name 2-4 papers which are useful as a background for further research but cannot be used for providing a comprehensive review. We consider the three issues listed below as the important directions of research in AH area.
The first issue is the efficiency of AH methods and techniques. Unfortunately, the situation with experimental testing of AH systems is not as advanced as the situation with development of these systems. As we have shown, a good number of interesting techniques were suggested and implemented in AH systems. The problem is that very few of them have been evaluated by a properly designed experiment. By now, we can name only three systems which have been tested by a comprehensive experiment with the number of subjects large enough to get statistically significant data: MetaDoc (Boyle & Encamacion, 1994) , HYPERFLEX , and ISIS-Tutor (Brusilovsky & Pesin, 1995) . The lack of experimental studies is a weak point of AH research and more work has to be done in this direction.
The second issue which is related to the previous one is the usability of adaptation. This issue is important for any adaptive computer system. Adaptivity is not a silver bullet. Adding adaptivity does not always makes a system better, moreover, it can make system much less usable if the users will not be able to understand what is going on in an adaptive system and lose the control over the system. What are the conditions and features of "usable" adaptation? Currently, very few papers contribute directly to this issue. We should specially mention the paper (Vassileva, 1996) which introduces the idea of "stepwise" adaptation and the papers (H66k et al., 1996; Kay, 1995) which discuss the problems of"transparent" adaptation.
The third issue to mention is the relations between AH research and the World Wide Web. WWW, a hyperspace spread over the Internet, has potentially unlimited number of nodes and variety of users. WWW is currently a promising direction for application of AH techniques. Moreover, we think that WWW will be the most important factor stimulating AH research in the next several years. In fact, several AH systems reviewed in this paper are completely or partly implemented on WWW H66k et al., 1996; Schwarz et al., 1996; . These works are very different and can hardly be used to provide some generalizations, for example, which adaptation techniques are most suitable for WWW. However, they already show some useful and re-usable ways of implementing AH methods and techniques on WWW.
